Hepatic steatosis is often associated with insulin resistance and obesity and can lead to steatohepatitis and cirrhosis. In this study, we have demonstrated that hormone-sensitive lipase (HSL) and adipose triglyceride lipase (ATGL), two enzymes critical for lipolysis in adipose tissues, also contribute to lipolysis in the liver and can mobilize hepatic triglycerides in vivo and in vitro. Adenoviral overexpression of HSL and/or ATGL reduced liver triglycerides by 40 -60% in both ob/ob mice and mice with high fat diet-induced obesity. However, these enzymes did not affect fasting plasma triglyceride and free fatty acid levels or triglyceride and apolipoprotein B secretion rates. Plasma 3-␤-hydroxybutyrate levels were increased 3-5 days after infection in both HSL-and ATGL-overexpressing male mice, suggesting an increase in ␤-oxidation. Expression of genes involved in fatty acid transport and synthesis, lipid storage, and mitochondrial bioenergetics was unchanged. Mechanistic studies in oleate-supplemented McA-RH7777 cells with adenoviral overexpression of HSL or ATGL showed that reduced cellular triglycerides could be attributed to increases in ␤-oxidation as well as direct release of free fatty acids into the medium. In summary, hepatic overexpression of HSL or ATGL can promote fatty acid oxidation, stimulate direct release of free fatty acid, and ameliorate hepatic steatosis. This study suggests a direct functional role for both HSL and ATGL in hepatic lipid homeostasis and identifies these enzymes as potential therapeutic targets for ameliorating hepatic steatosis associated with insulin resistance and obesity.
Nonalcoholic fatty liver disease (NAFLD) 4 is often associated with obesity, insulin resistance, and metabolic syndrome (1, 2) . Nonalcoholic steatohepatitis (NASH), the more virulent form of NAFLD, can lead to cirrhosis. Current treatments for subjects with NAFLD are usually directed at alleviating the associated metabolic symptoms of the patients (3) . Insulin sensitizers such as thiazolidinediones or metformin improve insulin sensitivity with concomitant reduction of liver fat contents in human and mouse models (3) (4) (5) . The amelioration of hepatic steatosis by these agents is likely secondary to improved insulin sensitivity. Imbalances between the input, oxidation, synthesis, and output of fatty acids (FA) all could contribute to hepatic steatosis, and dysregulation of each pathway has been documented in animal models (6) . For example, leptin-deficient ob/ob mice are insulin-resistant, dyslipidemic, and have fatty livers despite the up-regulation of FA oxidation genes (7, 8) and increases in mitochondrial and peroxisomal ␤-oxidation (9) . Hepatic steatosis in these animals is attributed to the up-regulation of sterol-responsive element-binding protein (SREBP) 1c, a master regulator of lipogenesis (10) , and the consequent increase in de novo lipogenesis (11, 12) . FA uptake in the liver is also likely increased as genes involved in FA uptake and transport (e.g. CD36) are up-regulated in these animals (13) . NAFLD has also been found in animals with specific genetic defects in FA oxidation (e.g. peroxisome proliferator-activated receptor (PPAR) ␣ deficiency), lipoprotein production (e.g. truncated apolipoprotein B (apoB) proteins or deficiency of microsomal triglyceride transfer protein), fatty acid synthesis (e.g. hepatic SREBP1a overexpression), and FA uptake (e.g. CD36 deficiency) (see review in Ref. 14) . In this study, we explored whether the two major adipose lipases, hormone-sensitive lipase (HSL) and adipose triglyceride lipase (ATGL), could remove excess TG from fatty livers in mouse models exhibiting insulin resistance and obesity.
HSL and ATGL together account for Ͼ90% of cytosolic TG hydrolase activity in mouse adipose tissues (15) . HSL-mediated lipolysis in adipose tissues is tightly regulated by hormones (16) . Catecholamines stimulate, whereas insulin inhibits, HSL-mediated lipolysis via the cAMP signaling pathway. Hormonestimulated HSL hydrolytic action is also regulated by its binding to perilipin A, a lipid droplet-associated protein (16) . HSL has broad substrate specificity and can hydrolyze TG, diacylglycerol (DG), and monoacylglycerol as well as cholesteryl esters (CE) (17) and retinyl esters (18) . Although normally present at very low levels in the liver, HSL transcripts are up-regulated in livers overexpressing PPAR␥ (19) . Previous studies have shown no clear role for HSL in lipolysis in the liver.
Unlike HSL, ATGL does not have CE hydrolase activity and acts specifically on TG (20 -22) . Its ability to hydrolyze phospholipids (PL) in vitro appears to vary depending upon the type of assay used (20, 21) . Regulation of ATGL in adipose tissue is distinct from that of HSL (23) . Unlike HSL, which is translocated from cytosol to lipid droplets only upon hormonal stimulation, ATGL is associated with the lipid droplet in the basal and hormone-stimulated states of the cell (20) . In the basal condition, comparative gene identification protein 58 (CGI-58, also called abhydrolase domain containing 5) , which is a coactivator of ATGL, is associated with the perilipin A-containing lipid droplet. Activation of cAMP-dependent protein kinase A increases colocalization of ATGL to CGI-58 (24) . ATGL is also found at low levels in a variety of tissues (20) . Humans with an ATGL mutation have cardiomyopathy and exhibit the characteristics of neutral lipid storage disease, including systemic accumulation of TG in cytoplasmic droplets (25) . Ablation of ATGL in mice increases TG mass not only in adipose but also in other tissues, particularly in the heart (26) . Hepatic TG was also increased in ATGL-deficient mice. This raises the possibility that ATGL may have a direct role in hepatic lipid homeostasis.
In this study, we determined the role of HSL and ATGL in hepatic lipolysis, and we evaluated the potential of adenoviral overexpression of these enzymes as a means to ameliorate hepatic steatosis in ob/ob mice (27) and mice with diet-induced insulin resistance and obesity.
EXPERIMENTAL PROCEDURES
Generation of Recombinant Adenoviruses-Full-length cDNA fragments of mouse HSL (2.3 kb) and ATGL (1.5 kb) were amplified from adipose cDNA isolated from C57BL/6 (B6) mice and cloned into a pCRII vector using a TA cloning kit as described (28) . Upon verification of DNA sequences, the cDNA inserts were then cloned into a NotI site of the pAdTrack-CMV shuttle vector as described previously (29) . The shuttle vector also contains jellyfish green fluorescent protein (GFP) that is driven by a second cytomegalovirus promoter. The resultant plasmids (containing either HSL, ATGL, or no insert) were linearized by PmeI digestion and subsequently transformed into Escherichia coli BJ5183 cells containing an adenoviral backbone plasmid, pAdEasy-1 (Stratagene), to generate recombinant plasmids. Recombinant plasmids were isolated, and DNA was purified, linearized, and transfected into 293 cells (ATCC) to obtain viral plaques. Recombinant viruses were further amplified in 293 cells and purified by centrifugation on a cesium chloride gradient. Purified viral particles were titered and stored in a 50% glycerol, 10 mM Tris, 100 mM NaCl, 0.1% bovine serum albumin (BSA) solution at Ϫ70°C. Purified viruses were dialyzed against 3% sucrose, 10 mM Tris, 2 mM MgCl 2 solution in 10,000 molecular weight cutoff Slide-A-Lyzer dialysis cassettes (Pierce) overnight prior to use for in vivo infection of animals. Recombinant adenoviruses containing HSL or ATGL are designated AdHSL and AdATGL, respectively. The control recombinant adenovirus that expresses GFP only is designated AdGFP.
Cell Culture and Adenoviral Infection-McA-RH7777 cells, obtained from ATCC, were grown in 6-well plates coated with collagen in Dulbecco's modified Eagle's medium (DMEM) containing penicillin (100 units/ml), streptomycin (100 g/ml), 10% fetal bovine, and 10% horse serum. All reagents for cell culture were purchased from Invitrogen. Recombinant viruses were titered to yield Ͼ90% infection efficiency based on the percentage of cells expressing GFP observed under a fluorescence microscope. For all cell experiments, seeded McA-RH7777 cells were infected with recombinant adenoviruses in DMEM for 90 min and then incubated in the growth medium described above. Twenty four hours after viral infection, cells were washed with phosphate-buffered saline (PBS) and either replenished with the growth medium or switched to a conditioned medium composed of DMEM with either 0.4 mM oleate (OA) (Sigma), which was complexed to 1.5% FFA-free BSA (Sigma), or with 1.5% BSA only.
Mice-Animals were maintained on a 12-h light/dark cycle (light cycle: 7 a.m. to 7 p.m.). All mice were fed a chow diet (PicoLab Rodent Chow, number 5001) unless otherwise indicated. Wild-type B6 and FVB/N (FVB) mice were purchased from The Jackson Laboratory (Bar Harbor, ME). HSL-deficient and ATGL-deficient mice were generated by targeted homologous recombination as described (26, 30) . These animals (3-4 months of age) were sacrificed between 8 and 12 a.m., and liver tissues were collected for use in TG hydrolase activity assays. Congenic ob/ob mice of the FVB background were derived as described previously (27) . Experiments were performed using both male and female mice ranging from 3 to 5 months of age. Liver samples from one set of ob/ob mice (both male and female) and their lean littermate controls (n ϭ 5-7/group) were collected and subjected to RNA isolation and gene expression analysis. For infection experiments, another set of ob/ob mice were used. These mice (n ϭ 4 -8/group) were infected with recombinant adenoviruses (1 ϫ 10 9 plaque-forming units/ mouse) via tail vein injection. Female mice were infected with AdGFP (n ϭ 6), AdHSL (n ϭ 4), or AdATGL (n ϭ 8). Eight days after infection, two animals each from the AdGFP-and AdATGL-infected groups were sacrificed for tissue collection and histological analysis, and the remaining animals (n ϭ 4 -6 per group) were subjected to in vivo TG and apoB secretion assays. Male ob/ob mice were infected with either AdGFP (n ϭ 4) or AdHSL (n ϭ 5). These mice were subjected to an in vivo TG secretion assay 5 days after infection and sacrificed for tissue collection 10 days after infection. For glucose measurements, blood was obtained by tail bleed from unanesthetized mice and immediately analyzed for glucose concentration using a One-Touch Ultra glucometer (LifeScan). For the measurement of other aspects of plasma biochemistry, blood was sampled before and at various time points after viral infection via the retroorbital plexus. All blood samples were collected from animals after 4 h of fasting (8 a.m. to 12 p.m.) to minimize the effects of variable food consumption on lipid and glucose levels. Plasma samples were isolated by centrifugation at 4°C, quick-frozen, and stored at Ϫ70°C.
For infection experiments in diet-induced obese (DIO) mice, 6-week-old male B6 mice were fed a Western-type diet (WTD, Harlan Teklad, TD-88137) for 6 weeks and then subjected to infection experiments (AdGFP, n ϭ 8 or AdATGL, n ϭ 9) as described above. The WTD consisted of 21% (w/w) fat (polyunsaturated/saturated ϭ 0.07), 0.15% (w/w) cholesterol, and 19.5% casein.
Quantitative Real Time PCR (qPCR)-Total cellular RNA samples from either McA-RH7777 cells or various mouse tissues (5 g/sample) were subjected to first strand cDNA synthesis using oligo(dT) primers and a reverse transcriptase from a commercial kit (number 11904-018, Invitrogen). The resulting cDNA samples were then quantified for expression levels of each test gene using gene-specific primers. The primers for mouse SREBP1c used in qPCR are as described previously (31) . The primers for all other genes used in the qPCR assays are shown in Table 1 . The primer sequences used for HSL and ATGL are shared by mice and rats and thus detect expression of the endogenous transcripts from McA-RH7777 cells. SYBR Green PCR Master Mix (Stratagene) was used for the reactions according to the manufacturer's instructions. The detection of PCR products was performed in duplicate using the Mx3005P Multiplex Quantitative PCR system (Stratagene). Using the standard curve method, the relative amounts of specific PCR products of each target gene were calculated. For normalization, ␤-actin (or GAPDH) was also amplified from each sample.
Western Blot Analysis-Mouse tissues or McA-RH7777 cells were isolated, homogenized in RIPA lysis buffer (sc-24948, Santa Cruz Biotechnology), incubated on ice for 30 min, and centrifuged at 10,000 ϫ g for 10 min. The supernatants were then collected for determination of protein concentration using BCA reagents (Pierce). Total cell or tissue lysates (30 -50 g/sample) were electrophoresed using 10% SDS-PAGE. Proteins were then transferred onto polyvinylidene fluoride membranes (Bio-Rad). Membranes were incubated at room temperature for 1 h with blocking buffer (PBS, pH 7.4, 5% nonfat milk, and 0.1% Tween 20) . Membranes were then incubated with specific primary antibody in the blocking buffer. Rabbit polyclonal antibodies used were as follows: anti-HSL (ab45422, Abcam), anti-ATGL (10006409, Cayman), and anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH; ab9485, Abcam). After 2 h of incubation, membranes were washed in 10 mM Tris-HCl, pH 7.4, 150 mM NaCl, and 0.1% Tween 20. Membranes were then incubated with a secondary antibody conjugated to horseradish peroxidase (Bio-Rad) for 1 h. Membranes were washed again and incubated with SuperSignal West Femto Chemiluminescence Substrate (Pierce) for 2 min prior to exposure to x-ray films for 1 s to 10 min at room temperature. The x-ray films were scanned, and the relative signal for each protein band was quantified using the NIH ImageJ program and 0.6 mg of phosphatidylcholine. This mixture was then dried under nitrogen, resuspended in 1.5 ml of assay buffer (20 mM Tris, 150 mM NaCl, 1 mM EDTA), and sonicated twice for 1 min. 1.2 ml of assay buffer and 0.3 ml of a 20% FFA-free BSA solution were then added, and the mixture was sonicated again four times for 30 s each. The cell pellet was resuspended in 2 ml of homogenization buffer (assay buffer containing 0.2% FFA-free BSA and 1 mM DTT), and cells were lysed using a mechanical homogenizer (Brinkmann Instruments). 100 l each of the cell homogenate and the substrate emulsion were combined and incubated with shaking at 37°C for 2 h. Lipolysis was terminated by the addition of 3.25 ml of stop solution (10:9:7 methanol/chloroform/ heptane solution containing 12 mM palmitate) and 1 ml of an aqueous pH 10 buffer (SB116-1, Fisher). The solution was centrifuged at 600 ϫ g for 5 min. 1 ml of the supernatant was removed and counted for radioactivity in 10 ml of liquid scintillation mixture. 100 l of the substrate emulsion was also counted in triplicate to determine the percentage of substrate hydrolyzed. The final substrate concentration was 0.25 mM of triolein or cholesterol oleate per assay. The total amount of triolein or cholesterol oleate hydrolyzed was calculated and adjusted to the protein concentration of the cellular homogenate to yield specific lipase activity in nanomoles of FFA produced per mg of cellular protein/h.
For determination of TG hydrolase activity in tissue lysates, liver tissues of wild-type, HSL-deficient, and ATGL-deficient male mice were homogenized in buffer A (0.25 M sucrose, 1 mM EDTA, 1 mM dithiothreitol, 20 mg/ml leupeptin, 2 mg/ml antipain, 1 mg/ml pepstatin, pH 7.0) and then centrifuged at 100,000 ϫ g for 1 h. The lipid-free infranatant (cytosolic fraction) was collected and used for TG hydrolase assays using a previously described procedure (15) similar to assays described above for cell lysates. In brief, liver extracts (200 g of protein) in a total volume of 100 l of buffer A were incubated with 100 l of substrate in a water bath at 37°C for 60 min in the presence or absence of the HSL inhibitor (NNC0076 -0000-0079, Novo Nordisk, Denmark). To increase ATGL-mediated TG hydrolysis, all reactions were carried out in the presence of 400 g of glutathione S-transferase (GST)-tagged murine CGI-58 (GST-CGI-58), which was purified as described previously (32) . The final substrate concentration used per assay was 0.3 mM triolein.
Measurement of Cellular TG Mass-McA-RH7777 cells were washed with PBS 40 h post-infection, and lipids were extracted with hexane/isopropyl alcohol (3/2, v/v) (4 ml/well) at room temperature for 3 h as described (33) . The extraction solution was collected, and the remaining cellular proteins were collected in 1 ml of 0.1 N NaOH. The lipid extract was dried under nitrogen gas and resuspended in a buffer from a Trig/GB kit from Roche Diagnostics, and cellular TG mass was determined using this kit. Cellular protein mass was determined using BCA protein assay reagents from Pierce. Cellular TG concentration is expressed as micrograms of TG/mg of cellular protein.
Assessment of Blood Biochemistry-Aspartate aminotransferase (AST) and alanine aminotransferase (ALT) activities in the plasma were assessed using Sigma assay kits 505 and 505-P, respectively. Activity levels are expressed in IU/ml plasma. Plasma TG and total cholesterol (TC) concentrations were measured using Infinity TM colorimetric assay kits from Thermo Electron Corp. FFA and 3-␤-hydroxybutyrate (3-HB) levels were measured using the NEFA and Autokit 3-HB colorimetric assay kits, respectively, from Wako Chemicals. Plasma insulin concentrations were measured using an Ultrasensitive Rat Insulin ELISA kit and mouse insulin standards from Crystal Chem.
Liver Lipid Measurements-Total liver lipids were extracted according to a modified method from Folch et al. (34) . Briefly, snap-frozen liver tissues (ϳ100 mg) were homogenized in 5 ml of 1 N NaOH and extracted twice with 5-10 ml of a chloroform/ methanol (v/v ϭ 2:1) solution. The organic layer was dried under nitrogen gas and resolubilized in 1 ml of chloroform containing 2% Triton X-100. This extract was dried again and resuspended in 1 ml of water to achieve a final concentration of 2% Triton X-100 (35) and then assayed for TG, FFA, and TC concentration using commercial kits as described above.
Histological Analysis-Liver tissue samples were either embedded in Tissue-Tek optimal cutting temperature compound (Sakura Finetek) and sectioned (7 m) for neutral lipid staining using Oil Red O and a hematoxylin counterstain or fixed in 10% formalin, embedded in paraffin, and sectioned (5 m) for hematoxylin and eosin staining. Sections were photographed at either ϫ100 (hematoxylin and eosin) or ϫ200 (Oil Red O) magnification.
Determination of in Vivo ApoB and TG Secretion Rates-Assessment of apoB and TG secretion rates in animals infected with recombinant adenoviruses (n ϭ 4 -6/group) was performed as described previously (36) . For the determination of apoB secretion rates, 4-h fasted mice were injected via tail vein with a solution containing 200 Ci of 35 S-labeled Promix (SJQ0079, Amersham Biosciences) and 500 mg/kg Triton WR 1339 (Sigma) in 0.9% NaCl. Blood was taken at 0 (just prior to injection), 60, and 120 min after the injection. Plasma samples (10 l) were subjected to 4% SDS-PAGE followed by fluorography. Both B100 and B48 bands were cut from dried gels and counted in a liquid scintillation counter. B100 and B48 protein counts were normalized to trichloroacetic acid-precipitable counts in each plasma sample and expressed as protein count per 10 l of plasma (cpm/10 l) as previously described (36) . ApoB secretion rates (cpm/10 l plasma/hr) were calculated by subtracting normalized protein counts at the 60-min time point from normalized protein counts at the 120-min time point. The Triton WR1339 method described above was also employed in the absence of 35 S-labeled Promix to determine TG secretion rates. Mice were bled at 0 min (before injection) and 60 and 120 min after injection. Plasma samples from the 0-, 60-, and 120-min time points were measured for TG levels. The TG secretion rate was calculated by subtracting the TG level at the 60-min time point from the TG level at the 120-min time point and expressed as mg/dl/h. Cellular FA Oxidation-McA-RH7777 cells were infected with recombinant adenoviruses for 24 h and then washed with PBS prior to labeling in DMEM (1 ml/well) containing 0.4 mM OA, 1.5% BSA, and [
14 C]OA (1 Ci/ml) (NEC317, PerkinElmer Life Sciences) for 16 h. Assessment of FA oxidation products was performed as described (37) with modification. Briefly, the labeling medium was collected and centrifuged, and the supernatant was transferred to a 25-ml flask with a center well (882320-0000, Kontes) containing filter paper saturated with 100 l of 1 M KOH. After the flask was sealed with a stopper, 200 l of 70% perchloric acid was added to the medium sample to release the [ 14 C]CO 2 . The flask was then rocked at 37°C for 1 h. The saturated filter paper containing trapped [
14 C]CO 2 was assessed for radioactivity in a liquid scintillation counter. The acidified medium was centrifuged twice to remove particulate matter, and 200 l of supernatant was counted to assess the amount of 14 C-labeled acid-soluble metabolites (ASM), which include labeled ketone bodies. Cellular lipids were extracted and separated by TLC as described below.
Extraction of Labeled Cellular and Medium Lipids-At the end of cell labeling experiments, medium was collected; cells were washed with PBS, and lipids were extracted with hexane/ isopropyl alcohol (3:2, v/v) (4 ml/well) at room temperature for 3 h. The extraction solution was dried under nitrogen gas, and the remaining cellular proteins were collected in 0.1 N NaOH and then measured. Medium lipids were extracted with 20 volumes of chloroform/methanol (2:1, v/v) at room temperature for 2 h. These organic extracts were combined with 5 volumes of water and then centrifuged for 5 min at 2,500 rpm. The lower organic phase was transferred to a new tube and dried under nitrogen gas. All lipids were resuspended in chloroform/methanol to a final volume of 400 l. Cellular and medium samples were applied to Silica Gel 60 plates (EMD Chemicals) for TLC analysis. Lipids were separated using a hexane/diethyl ether/ glacial acetic acid (70:30:1 or 80:20:2 v/v/v for DG and TG separation) mobile phase, and the lipid spots were visualized with iodine vapor and analyzed by liquid scintillation counting.
FA Secretion-McA-RH7777 cells were infected with recombinant adenoviruses for 24 h and then washed with PBS prior to labeling in DMEM (1 ml/well) containing 0.4 mM OA, 1.5% BSA, and 10 Ci of [ 3 H]OA (NET289, PerkinElmer Life Sciences) for 16 h. Cells were then washed three times with PBS and incubated with a chase medium containing either 1.5% BSA only or 0.4 mM OA, 1.5% BSA in the presence of 2 mol/liter tetrahydrolipstatin (THL) (Roche Diagnostics) dissolved in dimethyl sulfoxide (Sigma). The chase medium was removed either immediately (0 min) after application or after a 120-or 240-min incubation at 37°C. Lipids were extracted from both collected chase medium and cells and then analyzed by TLC as described above.
Statistical Analysis-Comparisons between two groups for plasma AST or ALT activity levels in infected ob/ob mice were conducted using a nonparametric test, the Mann-Whitney U test, whereas comparisons between two groups for all other experiments were performed using Student's t test (nonpaired and two-tailed). All values are presented as means Ϯ S.D. Statistically significant differences between two groups were defined as those giving a value of p Ͻ 0.05. (Figs. 1A and  2A ). TG and CE hydrolase activities in AdHSL-infected cells were increased by 2.6-and 11-fold, respectively, compared with those in AdGFP-infected cells (Fig. 1C) . ATGL mRNA and protein levels were increased by 17-and ϳ20-fold (over background), respectively, after AdATGL infection (Fig. 1B and Fig.  2A ). TG hydrolase activity in AdATGL-infected cells was increased by 1.9-fold compared with that in AdGFP-infected cells (Fig. 1C) . Cellular TG mass was reduced by ϳ60% in AdHSL-infected (192 Ϯ 23 g/mg protein) and AdATGLinfected (204 Ϯ 31 g/mg protein) cells compared with that in AdGFP-infected controls (505 Ϯ 70 g/mg protein) or uninfected cells (565 Ϯ 47 g/mg protein) (Fig. 1D ). Because these data confirmed that HSL and ATGL were functionally active in cultured liver cells, we proceeded to test whether these enzymes exerted similar effects in vivo.
RESULTS

Both HSL and ATGL Reduce Cellular TG Mass in OA-supplemented McA-RH7777 Cells-To
Endogenous HSL and ATGL Expression and TG Hydrolase Activities in Mouse Livers-To establish a base line for normal expression levels of ATGL and HSL as well as to determine the degree of overexpression induced by AdATGL and AdHSL infection, we first quantified the endogenous protein and mRNA levels of HSL and ATGL in liver and adipose tissues from wild-type B6 mice. When similar amounts of total protein were subjected to Western blot analysis, the relative abundances of HSL and ATGL proteins were ϳ14-and ϳ6-fold higher, respectively, in adipose tissues than those in the liver (Fig. 2, B and D) . When normalized to GAPDH protein levels, HSL protein levels were ϳ48-fold higher, and ATGL levels were ϳ24-fold higher in adipose tissues than those in the liver. HSL and ATGL mRNA levels, when normalized to GAPDH gene expression, were 35-and 14-fold higher, respectively, in adipose tissues than those in the liver (Fig. 2E) . Although large differences in GAPDH gene expression make it difficult to quantitatively compare expression levels between tissues, our assays show low but detectable levels of HSL and ATGL protein and mRNA in the liver. To determine whether transcription of either gene is altered by leptin deficiency, HSL and ATGL mRNA levels were measured in both male and female ob/ob mice as well as in lean littermate controls. Hepatic HSL mRNA levels were unchanged in female ob/ob mice but were reduced by 37% in male ob/ob mice compared with their lean littermates (Fig. 2F) . Hepatic ATGL mRNA levels were similar between ob/ob mice and their lean littermates in both sexes (Fig. 2G) .
We further assessed the contribution of HSL and ATGL to cytosolic TG lipolysis in the liver by in vitro assays using liver extracts from wild-type, HSL-deficient, and ATGL-deficient male mice (Fig. 3) . Compared with that in wild-type mice, TG hydrolase activity was reduced by 33% in ATGL-deficient mice. TG hydrolase activity was not altered in HSL-deficient mice, possibly because of compensatory increases in other TG hydrolases. Addition of HSL inhibitor reduced TG hydrolase activity by 20 and 14.5% in extracts from wild-type and ATGL-deficient mice, respectively. As expected, the HSL inhibitor had no effect on TG hydrolase activity in extracts from HSL-deficient mice.
Compared with untreated extracts from wild-type mice, extracts from ATGL-deficient mice treated with HSL inhibitor exhibited a reduction in TG hydrolase activity of 43%. Overall, these data showed that HSL and ATGL together contribute to 43% of the TG hydrolase activity in cytosolic extracts from mouse livers.
Hepatic Overexpression of HSL or ATGL Reduces Liver TG Mass and Ameliorates Steatosis in ob/ob
Mice-Female ob/ob mice, which have been shown to have less severe diabetes than their male counterparts (27) , were initially chosen for infection with both AdATGL and AdHSL. As the ablation of genes that moderate FA metabolism often produces more dramatic effects in male mice than in females (38), we also conducted one set of experiments (i.e. AdHSL versus AdGFP) in male mice for contrast. Compared with expression levels in AdGFP-infected ob/ob mice, hepatic HSL expression was increased by Ͼ100-fold in both AdHSL-infected female and male ob/ob mice (Fig.  4A ) at 8 and 10 days post-infection, respectively, whereas hepatic ATGL expression was increased by ϳ27-fold in AdATGL-infected female mice 8 days post-infection (Fig. 4B ). HSL and ATGL protein levels in AdHSL-or ATGL-infected livers, respectively, were comparable with those found in the adipose tissue (Fig. 2, B and C) .
Overexpression of HSL had no effect on body weight in either sex (Fig. 4C) . In ob/ob mice infected with AdHSL, liver weights were significantly reduced (25-39%) compared with those in mice infected with AdGFP (female, 2.89 Ϯ 0.39 versus 3.86 Ϯ 0.6 mg/g wet weight, p Ͻ 0.05; male, 3.13 Ϯ 0.26 versus 4.95 Ϯ 1.04 mg/g wet weight, p Ͻ 0.05; Fig. 4D ). Liver TG levels were reduced by 50 and 60% in AdHSL-infected female and male mice, respectively (female, 20.3 Ϯ 3.6 versus 41.9 Ϯ 6.0 mg/g wet weight, p Ͻ 0.0001; male, 27.2 Ϯ 4.4 versus 67.2 Ϯ 9.2 mg/g wet weight, p Ͻ 0.001; Fig. 4E ). Liver FFA levels were not significantly reduced in AdHSL-infected mice (female, 8.8 Ϯ 0.4 versus 9.9 Ϯ 1.6 mol/g wet weight; male, 16 Ϯ 0.9 versus 24.1 Ϯ 5.1 mol/g wet weight, p ϭ 0.05; Fig. 4F ). Liver total cholesterol (TC) levels were significantly lower in female AdHSL-infected mice (female, 2.4 Ϯ 0.2 versus 2.9 Ϯ 0.2 mg/g wet weight, p Ͻ 0.05; male, 2.8 Ϯ 0.5 versus 4.4 Ϯ 1.1 mg/g wet weight, p ϭ 0.05; Fig. 4G ). Histological analysis of liver sections (Fig. 5) showed that lipid droplets of various sizes were present in the liver sections from AdGFP-infected male ob/ob mice (Fig.  5, A and B) , whereas only very small lipid droplets were present in those from AdHSL-infected male ob/ob mouse livers (Fig. 5,  C and D) .
As in HSL-infected mice, overexpression of ATGL had no effect on body weight (Fig. 4C) . In female ob/ob mice infected with AdATGL, liver weights did not differ from those in AdGFP-infected ob/ob mice (3.44 Ϯ 0.74 versus 3.86 Ϯ 0.6 mg/g wet weight; Fig. 4D ). Liver TG levels were reduced by 65% (p Ͻ 0.001) compared with AdGFP-infected animals. This reduction was even greater than that resulting from hepatic overexpression of HSL (AdATGL versus AdHSL ϭ 14.6 Ϯ 2.5 versus 20.3 Ϯ 3 mg/g wet weight, p Ͻ 0.05; Fig. 4E ). Liver FFA levels, but not TC levels, were significantly lower in AdATGL-infected animals compared with those in AdGFP-infected animals (FFA, 7.5 Ϯ 0.8 versus 9.9 Ϯ 1.6 mol/g wet weight, p Ͻ 0.05; Fig. 4F ; TC, 2.7 Ϯ 0.3 versus 2.9 Ϯ 0.2 mg/g wet weight; Fig. 
4G
). As in AdHSL-infected mice (Fig. 5, C and D) , and unlike AdGFP-infected male (Fig. 5, A and B) or female ob/ob mice (Fig. 5, E and F) , only very small lipid droplets were present in the liver sections from AdATGLinfected female ob/ob mice (Fig. 5,  G and H Despite the marked reduction in hepatic TG mass in AdHSL-and AdATGL-infected ob/ob mice, fasting plasma TG levels were not changed compared with those in AdGFP-infected mice (Table 2) . Fasting plasma FFA levels were not affected by either AdHSL or AdATGL infection. Fasting plasma TC levels were decreased in female ob/ob mice infected with AdHSL (83 Ϯ 8 mg/dl) compared with AdGFP-infected (133 Ϯ 21 mg/dl) or AdATGL-infected (125 Ϯ 24 mg/dl) mice.
In male ob/ob mice 5 days post-infection, fasting plasma levels of 3-HB, one of the major ketone bodies generated from ␤-oxidation, were markedly increased by HSL overexpression (AdHSL versus AdGFP ϭ 1076 Ϯ 529 versus 229 Ϯ 156 mol/ liter, p ϭ 0.04). Plasma 3-HB levels for these two groups of animals, however, were not different at the end point of the study (i.e. 10 days post-infection) ( Table 2 ). Because adenoviral overexpression is transient, the lack of effect of HSL overexpression on plasma 3-HB levels likely resulted from a decline in HSL expression over the course of the study. Fasting plasma levels of 3-HB were similar among all groups in female ob/ob mice at the end point (Table 2) as well as at day 3 and day 6 post-infection (not shown). As shown in Table 2 , female ob/ob mice have greatly increased insulin concentrations relative to their male counterparts, which was in agreement with previous findings (27) . Male ob/ob mice used in this study were severely diabetic with mean fasting glucose levels above 400 mg/dl despite high fasting insulin levels (ϳ7-8 ng/ml), suggesting a lack of insulin action ( Table 2 ). In contrast, in female ob/ob mice, fasting plasma insulin levels ranged from 5 to 43 ng/ml and fasting plasma glucose levels ranged from 110 to 500 mg/dl, suggesting a varying degree of insulin resistance among these 1st and 3rd lanes of D) . The lower molecular weight band detected by anti-ATGL antibody was always present in cells and mice infected with AdATGL and specific to these samples. This band likely represents modified or degraded ATGL. E, gene expression of HSL or ATGL in liver or adipose tissues from male B6 wild-type (n ϭ 5/group) was assessed by qPCR. HSL and ATGL gene expression levels were normalized to GAPDH expression and presented as a percentage of liver gene expression. F and G, gene expression of HSL (F) and ATGL (G) in the liver of male and female FVB-ob/ob mice and their lean littermates (n ϭ 5-7/group) was assessed by qPCR. HSL and ATGL gene expression levels were normalized to ␤-actin and presented as a percentage of lean levels for each sex. All data are shown as means Ϯ S.D. Comparisons between groups were made using Student's t test. p values: **, p Ͻ 0.01; ***, p Ͻ 0.001. FIGURE 3. Liver TG hydrolase activity of wild-type, HSL-deficient, and ATGL-deficient mice. Cytosolic extracts from liver of wild-type (WT), HSLdeficient (HSL-KO), and ATGL-deficient (ATGL-KO) male mice were used to measure TG hydrolase activity. The assay was performed in the presence of 400 g of GST-CGI-58 and in the absence or presence of 5 nmol of HSL inhibitor. Measurements were performed in triplicate. Results shown are representative of three experiments (n ϭ 3 mice/group/experiment). Data are presented as means Ϯ S.D. Comparisons between groups were made using Student's t test. p value: ***, p Ͻ 0.001. animals (Table 2) . Thus, it is likely that the effects of AdHSL (and possibly of AdATGL) on FA oxidation, and hence plasma 3-HB levels, were confounded by the varying degree of insulin action in female ob/ob mice. Nonetheless, these data suggest increased FA ␤-oxidation as a possible mechanism for the reduction in hepatic TG caused by HSL and ATGL overexpression.
Hepatic Overexpression of HSL or ATGL Does Not Change TG or ApoB Secretion Rates in ob/ob Mice-To determine whether increased lipoprotein secretion contributed to the reduction in hepatic TG mass observed in AdHSL-and AdATGL-infected animals, we assessed in vivo VLDL secretion rates in ob/ob mice using the Triton WR1339 method. The results showed that neither HSL nor ATGL overexpression had an effect on TG (Fig. 6A) or apoB (Fig. 6B ) secretion rates in infected ob/ob mice. These data also showed that reduced hepatic TG in these animals did not result from increased TG secretion. Furthermore, these data indicated that although a large portion of the TG storage pools in the liver are hydrolyzed by HSL and ATGL, these do not represent the pools that are destined for VLDL secretion.
Hepatic Overexpression of HSL Upregulates Expression of Genes Involved in FA Oxidation but Not in Lipogenesis in Male ob/ob Mice-To assess whether FA oxidation pathways or de novo lipogenesis were affected in AdHSL-or AdATGL-infected ob/ob mice, we assessed expression of genes involved in these pathways. AdHSL-infected male, but not female, ob/ob mice exhibited increased expression of PPAR␣ (41%, p Ͻ 0.05) as well as its target gene, acyl-CoA oxidase (AOX, 79%, p Ͻ 0.05), a key enzyme in peroxisomal ␤-oxidation (Table 3) . However, the expression of carnitine palmitoyltransferase 1 (a key enzyme in mitochondrial ␤-oxidation) was not significantly elevated in either group. These data suggested an increase in peroxisomal FA oxidation in AdHSL-infected male ob/ob mice. In addition, we found that expression of mitochondrial UCP2, the up-regulation of which is often associated with fatty livers, was unchanged in both AdHSL-and AdATGL-infected mice ( Table 3) . The latter corroborated the finding that these animals had improved liver function. Finally, we found no changes in genes involved in FA transport (CD36 and liver fatty acid-binding protein), FA synthesis (fatty-acid synthase, stearoyl-CoA-desaturase 1 (SCD1), and SREBP 1c), or lipid storage (adipose differentiation-related protein (ADRP)) ( Table 3) . These data suggested a lack of contribution of these pathways toward the reduction of hepatic TG in AdHSL-or AdATGLinfected ob/ob mice.
Hepatic Overexpression of ATGL Yields Similar Phenotypes in DIO and ob/ob Mice-To confirm that the amelioration of steatosis by overexpression of TG hydrolases observed in ob/ob mice also applies to other models of fatty liver, we induced obesity in male B6 mice by 6 weeks of WTD feeding. Compared with age-matched and chow-fed male mice, DIO mice exhib- Liver sections were either stained with hematoxylin and eosin (H&E) (left panels, ϫ100 magnification) or stained with Oil Red O and counter-stained with hematoxylin (right panels, ϫ200 magnification). 
TABLE 2
Fasting plasma biochemistry in AdHSL-and AdATGL-infected mice effects of hepatic ATGL expression on female ob/ob mice were, in general, similar to those observed in male DIO mice. At 10 days post-infection, hepatic ATGL mRNA expression was 19-fold higher in AdATGL-infected mice compared with AdGFP-infected mice as assessed by qPCR (Fig. 7A) . Compared with chow-fed mice, WTD consumption increased hepatic TG and TC by 129 and 85%, respectively, in AdGFP-infected DIO mice (Fig. 7B) . WTD feeding had no effects on hepatic FFA levels. Adenoviral overexpression of ATGL in DIO mice reduced hepatic TG by 40% (26.0 Ϯ 11.4 versus 15.8 Ϯ 4.7 g/g liver wet weight, p ϭ 0.04) to a level near that found in chow-fed animals (11.3 Ϯ 4.7 g/g liver wet weight). ATGL overexpression had no effects on hepatic TC levels (Fig. 7B) or body weights (supplemental Fig. 1 ) compared with AdGTP-infected DIO mice. However, unlike female ob/ob mice, hepatic FFA levels were not changed in AdATGL-infected DIO mice (Fig.  7B) , and liver weights in AdATGL-infected DIO mice were slightly higher than those in AdGFP-infected DIO mice (1.7 Ϯ 0.2 versus 1.4 Ϯ 0.2 g, p ϭ 0.01).
At 10 days post-infection, ATGL overexpression had no effects on fasting plasma levels of lipids (FFA, TG, or TC), glucose, or insulin in DIO mice compared with AdGFP-infected mice (Table 2 ). In addition, ATGL overexpression did not alter VLDL TG or apoB secretion rates in DIO males (supplemental Fig. 2) . Although AST and ALT activities did not differ between AdATGL-and AdGFP-infected groups at the end point, activity levels of both enzymes did rise over the course of the infection when compared with day 3 levels, peaking at 6 days postinfection. These data likely reflected the response of these animals to adenoviral infection. ALT activities were higher in AdATGL-infected DIO mice compared with AdGFP-infected mice at day 6 (293 Ϯ 31 versus 218 Ϯ 68 IU/ml, p ϭ 0.01; supplemental Fig. 1 ).
As in AdATGL-infected ob/ob mice, plasma 3-HB levels in AdATGL-infected DIO mice were not different at the end point (10 days post-infection) of the study (Table 2 ), but they did show a significant increase at 3 days post-infection compared with AdGFP-infected mice (291 Ϯ 123 versus 107 Ϯ 50 mol/ liter, p ϭ 0.003; Fig. 7C ). These data also suggest that adenoviral overexpression of ATGL likely peaked at day 3 and thus exerted a stronger effect on FA oxidation at the earlier time points of the study. As in female AdATGL-infected ob/ob mice (Table 3) , expression of genes involved in FA oxidation (AOX, carnitineC]CO 2 was increased by 50 and 72% in AdHSL-infected and AdATGL-infected cells, respectively (Fig. 8E) . Similarly, incorporation of 14 C label into ASM was increased by 120 and 94% in AdHSL-and AdATGLinfected cells, respectively (Fig. 8F) . Thus, the almost doubled FA oxidation rates could contribute to the reduction of cellular (Fig. 8G) . However, PPAR␣ gene expression was not altered in either AdHSL-or AdATGL-infected cells (Fig. 8G) . These data confirmed that HSL and ATGL target hydrolytic products from TG storage pools to ␤-oxidation pathways. We wondered, however, whether there are additional outlets for these products such as direct release of FFA into medium. (Fig. 9A) , or 1.5% BSA only (Fig. 9B) 
FFA Generated by HSL-and ATGL-mediated Lipolysis in
DISCUSSION
NAFLD can progress into a number of fatal liver diseases, including NASH. To date, no direct treatment is available for NASH. This study explored the potential of two major adipose lipases, HSL and ATGL, as therapeutic targets for fatty liver treatment. Although the role of HSL in hepatic lipid metabolism is unclear in normal physiological conditions, a direct role for ATGL in lipid metabolism is very plausible based on the fatty liver phenotype observed in ATGL-deficient mice (26) . In this study, we showed that in male wild-type mice, both HSL and ATGL proteins were detectable in the liver, even though their expression levels were much lower than those in the adipose tissue. In addition, hepatic HSL mRNA levels were lower in male, but not female, ob/ob mice compared with their respective lean littermates. The latter was unexpected as HSL is a known target gene of PPAR␥, and adenoviral overexpression of PPAR␥ in the liver increases HSL expression (19) . Up-regulation of PPAR␥ is often observed in insulin-resistant livers, as is the case with ob/ob mice (39) . These results thus suggest transcriptional regulation by factors other than PPAR␥ for hepatic HSL expression in male ob/ob mice.
A direct role for HSL and ATGL in TG lipolysis in the liver was further supported by their contributions to TG hydrolase activity in cytosolic extracts isolated from mouse livers. Using combinations of genetic and chemical ablation of HSL and/or ATGL activity, we showed that HSL and ATGL, together, contributed ϳ43% of liver cytosolic TG hydrolase activity. A 33% reduction of cytosolic TG hydrolase activity in ATGL-deficient mice confirmed a major role for ATGL in hepatic TG lipolysis. Chemical inhibition of HSL in wild-type and ATGL-deficient mice indicates that this enzyme contributes Ն10% of TG hydrolase activity and likely plays a lesser role in hepatic TG lipolysis compared with ATGL. The lack of change in TG hydrolytic rates in the livers of HSL-deficient mice compared with wild-type suggests that expression of other liver lipases may be up-regulated to compensate for the loss of HSL activity in HSL-deficient animals.
We also showed that HSL and ATGL are both active as TG hydrolases in cultured liver cells and mouse livers when introduced by adenoviral infection. Both enzymes reduced cellular TG mass by ϳ60% in McA-RH7777 cells supplemented with OA and caused reductions of ϳ40 -65% in hepatic TG in ob/ob and DIO mice. The reduction of hepatic TG by adenoviral overexpression of HSL and ATGL was not correlated with increased TG and apoB secretion in vivo. The latter likely explains the lack of changes in fasting plasma TG levels. Expression of genes involved in FA uptake/transport and de novo lipogenesis was also unaffected by HSL or ATGL overexpression in ob/ob mice. These data suggested that reduction of steatosis in ob/ob mice was probably not because of decreased FA uptake or de novo lipogenesis. On the other hand, fasting plasma levels of 3-HB were increased at days 3-5 post-infection, but not at the end point, in male mice infected with HSL and ATGL. FA oxidation genes were also increased in HSL-infected, but not in ATGLinfected, male mice at the end point. Taken together, these data suggested that overexpression of these lipase enzymes eliminates excess cellular TG by mobilizing TG storage pools destined for oxidation, but not those destined for lipoprotein secretion.
Studies in McA-RH7777 cells confirmed that HSL and ATGL overexpression increased FA oxidation by up-regulating FA oxidation genes. HSL has been shown to promote FA oxidation in HepG2 cells (40) , and transgenic overexpression of HSL in heart prevents starvation-induced lipid accumulation in the heart (41) . We have now demonstrated that not only HSL but also ATGL can reduce hepatic steatosis, likely by promoting hepatic FA oxidation in ob/ob or DIO mice. These data also suggest that the accumulation of TG seen in the livers of ATGLdeficient mice (26) is likely caused by decreased FA oxidation in these animals and that ATGL is essential in mobilizing stored TG into FA oxidation pathways under normal conditions. Furthermore, studies of mice deficient in fatty-acid synthase in the liver (FASKOL) suggested that new fats derived from diet or de novo lipogenesis, but not old fats derived from peripheral tissues, are endogenous ligands for PPAR␣ (42) . In contrast, our studies showed that HSL-mediated lipolysis in male ob/ob mice provide ligands for activating transcription of PPAR␣ downstream genes, presumably from stored lipid pools.
The apparent increase in FA oxidation did not seem to have adverse effects in ob/ob mice overexpressing HSL or ATGL. Hepatic expression of UCP2, a protein associated with mito- chondrial bioenergetics and oxidative stress (43), was not increased in AdHSL-or AdATGL-infected animals. In fact, HSL overexpression seems to improve liver function as these animals had decreased plasma activity levels of AST and ALT. Thus, we wondered whether FFA generated from HSL-or ATGL-mediated lipolysis of hepatic TG have an additional outlet besides ␤-oxidation pathways. This hypothesis was tested and confirmed in OA-supplemented McA-RH7777 cells labeled with [ 3 H]OA and chased with cold OA. Both HSL and ATGL overexpression markedly increased secretion of 3 H-labeled FFA into medium during the chase period, demonstrating that FFA generated from lipolysis of hepatic TG storage pools can be directly released into medium. Although neither AdHSL nor AdATGL increased plasma FFA in infected animals, this is not surprising as FFA are rapidly cleared from the circulation by peripheral tissues in vivo.
Overall, we have demonstrated that both ATGL and HSL contribute to hepatic TG hydrolase activity and likely play a direct role in liver lipolysis under normal physiological conditions. Both enzymes likely maintain hepatic lipid homeostasis by mobilizing TG from storage pools to FA oxidation pathways and possibly also by releasing FFA directly into the circulation. Finally, we have identified both HSL and ATGL as potential therapeutic targets for directly treating fatty liver in human subjects. The fact that overexpression of these enzymes reduces hepatic TG without increasing hepatic apoB or TG secretion may make them especially attractive agents for treating NAFLD patients, many of whom also exhibit profound dyslipidemia.
